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ABSTRACT
An Atomistic Approach for the Survey of Dislocation-Grain
Boundary Interactions in FCC Nickel
Devin William Adams
Department of Mechanical Engineering, BYU
Master of Science
It is well known that grain boundaries (GBs) have a strong influence on mechanical properties of polycrystalline materials. Not as well-known is how different GBs interact with dislocations
to influence dislocation movement. This work presents a molecular dynamics study of 33 different
FCC Ni bicrystals subjected to mechanical loading to induce incident dislocation-GB interactions.
The resulting simulations are analyzed to determine properties of the interaction that affect the likelihood of transmission of the dislocation through the GB in an effort to better inform mesoscale
models of dislocation movement within polycrystals. It is found that the ability to predict the slip
system of a transmitted dislocation using common geometric criteria is confirmed. Furthermore,
machine learning processes are implemented to find that geometric properties, such as the minimum potential residual burgers vector and the disorientation between the two grains, are stronger
indicators of whether or not a dislocation would transmit than the other properties such as the
resolved shear stress.
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CHAPTER 1.

1.1

INTRODUCTION

Dislocations
Dislocations are one of the many different types of defects within the crystal structure of

a metal. These can be categorized as edge, screw, mixed, or partial dislocations. When metal is
elastically deformed, the atomic bonds within the crystal lattice are strained, but not broken. Therefore, when the applied stress is relieved, the lattice can return to its original structure. However, if
the metal is plastically deformed, these bonds are broken and the atoms within the lattice change
partners, introducing an incomplete plane of atoms somewhere within the lattice, i.e., a dislocation.
The dislocations travel through the polycrystal, causing slip and leading to the malleability of the
metal. These dislocations are manifested as plastic deformation. They can, however, be impeded
by precipitates, grain boundaries, or even other dislocations. As a result, a metal’s strength can be
improved if dislocations’ movement is obstructed.
One of the least understood aspects of dislocation movement at the microscopic level is
how dislocations interact with GBs. The mechanisms by which dislocations interact with GBs can
be summarized in four main categories: 1) nucleation of a dislocation at the GB, 2) absorption of a
dislocation into the GB before being emitted elsewhere along the GB, 3) slip transmission wherein
the dislocation passes through the GB, and 4) reflection of the dislocation at the GB [1–5]. Of these
four main interaction types, the most studied have been nucleation and transmission of dislocations
at the GB in an effort to determine what factors play a role in such interactions.
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1.2

Grain Boundaries
Grain boundaries are defined as the surface where two crystals of differing orientations

come together, resulting in a structure of atoms involving a dislocation network [6]. Because GBs
are relatively small, attractive forces can still act across them and unite grains together to form a
polycrystal. GBs can significantly influence the mechanical properties of a polycrystal, affecting
dislocation movement, corrosion, diffusion, etc. For example, polycrystals which exhibit a higher
population of fracture-resistant low-energy GBs have added strength and toughness [7].
Five degrees of freedom are required to describe a GB: three to define neighboring grains’
relative rotation to one another and two to define the boundary plane's orientation [8, 9]. Despite
this large GB space, GBs can be generalized by three types of GBs: twist (rotation of the neighboring grain about an axis perpendicular to the interface), tilt (rotation of the neighboring grain
about an axis parallel to the interface), and mixed. Easily categorized twist and tilt GBs are ideal
GBs and are therefore easier to study, whereas the more common mixed type greatly enhances the
difficulty in categorizing them. The degree of twist or tilt is defined by the misorientation angle of
rotation between the two grains.
Another common way to describe a GB is by its coincident site lattice (CSL) number which
describes the number of atoms that are located at a coincident site along the interface to the total
number of atoms at the interface. For example, a Σ3 GB would have 1 coincident atom for every 3
atoms in the GB [10].

1.3

Grain Boundary Engineering
GB engineering, the synthesis of materials with specific GB types, is a promising method

that seeks to build on and utilize the understanding of how specific GBs affect material properties
2

in order to create superior materials [11]. For example, Wang et al. found that stress corrosion
cracking in TWIP steel could be significantly reduced through the interruption of high angle grain
boundaries with low-ΣCSL GBs and more Σ3ic twin boundaries [12]. Similarly, Deepak et al. were
able to enhance the high temperature corrosion resistance of bulk polycrystalline alloy through GB
engineering techniques [13]. In addition to affecting corrosive properties, the density of different
GBs has also been shown to affect loading rate sensitivity as well as yield strength and ductility [14,
15]. Improving the understanding of how dislocations interact with GBs is one of the first steps
that must be taken in order to take full advantage of GB engineering. Once this interaction can be
characterized, the effects of different GBs on this interaction can be more efficiently studied.

1.4

Experimental Work
From experimental work, relationships like the Hall-Petch relationship have been found,

suggesting that microscopic events contribute to the differences in properties observed [16–18].
The Hall-Petch relationship relates the average grain size of a material to its macroscopic yield
strength through the equation
ky
σy = σ0 + √
d

(1.1)

where σy is the yield stress, σ0 is a material constant, ky is the strengthening coefficient, and d
is the average grain diameter [19, 20]. This relationship has been exploited for years in the production of enhanced materials, such as nanocrystalline metals, which offer significantly increased
hardness and strength but typically reduced ductility [21–23]. While the Hall-Petch relationship
has been shown to match the macroscopic effects of reduced grain size, and subsequently more

3

GBs, understanding of how to characterize the dislocation-GB interactions that cause this effect is
still not well understood.
From experimental work, researchers have been able to gain a better understanding of the
attributes involved in the dislocation-GB interactions responsible for effects such as the previously
mentioned Hall-Petch relationship. Techniques such as transmission electron microscopy (TEM),
electron back-scattered diffraction (EBSD), and digital image correlation (DIC) allow one to observe the dislocation activity present within a strained specimen and capture attributes involved
in dislocations’ interactions with GBs [1, 24–26]. For example, Shen et al. observed dislocation
transmission in 304 stainless steel, finding that geometrically well aligned slip systems at the GB
are the preferred slip systems for transmission, with the resolved shear stress (RSS) being the deciding factor for transmission if two or more slip systems were equivalently aligned [1]. This work
confirmed and refined Livingston and Chalmers’ geometric criteria for predicting which slip system would be activated in a transmission event [27]. By adding the stipulation that the residual
Burgers vector (RBV) should be minimized to the geometric criteria of Livingston and Chalmers
and the stress criteria from Shen et al., the commonly used LRB criteria was created [28]. Additionally, Abuzaid et al. used DIC in combination with EBSD to support the hypothesis that the
RBV is frequently minimized when transmission occurs [24]. Lim and Raj observed more slip
continuity through GBs with low Σ value coincident site lattice (CSL) GBs as opposed to those
with high Σ values [25]. While significant understanding has been achieved through experimental
techniques, these methods are limited in their capabilities to control the interactions observed. Two
main shortcomings that restrict the abilities of experimental techniques to more fully explore this
problem are their inability to observe interactions in a large variety of GBs, as well as the chal-

4

lenge of measuring additional attributes associated with the interaction, such as GB energies or the
structure of the GB at the location of the interaction.

1.5

Mesoscale Work
Researchers have developed mesoscale models, like the discrete dislocation dynamics model

[29–31] to model the dislocation-GB interactions seen experimentally and have shown that the
Hall-Petch relationship is dependent on the ability of dislocations to transmit. Another model,
developed by Lim et al., utilizes a two-scale model called the Superdislocation (SD) model, to
model the Hall-Petch effect in polycrystals using Finite Element Method (FEM) techniques [32].
This method builds on work done by Shen et al. [33] to determine a GB's resistance to dislocation
absorption or transmission by calculating an effective critically resolved shear strength of the GB,
termed the obstacle stress, τobs , for a given dislocation-GB interaction, according to the equation

τobs = (1 − T F)τ ∗

(1.2)

where τ ∗ was observed in stainless steel to be approximately five times the macroscopic yield
strength and TF is the transmissivity factor (not to be confused with the Taylor Factor) which
measures the relative alignment between the impinging dislocation slip system and the potential
transmitted dislocation slip systems. In its current state, the SD model shows promise in predicting
deformation behavior when the material response is based on the interactions between the dislocations at the microscale [32]. The authors believe that the SD model’s accuracy could be improved
by inclusion of better information about GB-dislocation interactions.

5

1.6

Atomistic Work
Molecular dynamics (MD) tools provide a complementary approach to exploring the va-

riety of attributes believed to affect the resulting interaction and to evaluate different criteria for
transmission of dislocations. In a variety of MD simulations, a number of factors have been found
to affect how dislocations interact with GBs, including: the static energy of the GB [10], ratio of
RSS from outgoing dislocations to incoming dislocation [26], Schmid vs. non-Schmid slip [34],
temperature [35], misorientation [26, 36–38], and location of the interaction [38]. However, in a
separate study, Mrovec found that the geometric criteria commonly used to characterize transmission do not always hold [39].
Of particular interest in this work is the ability to predict which slip system the emitted
dislocation will transmit onto when transmission occurs. Several MD studies have confirmed experimental findings which suggest that selection should be made based upon the potential slip
system with the maximum TF or upon minimization of the magnitude of the RBV left in the GB
after transmission [2, 10, 26, 36].
Also of interest is the ability to predict what kind of reactions will occur when an incident
dislocation impinges on a GB. In several instances, researchers have suggested equations that
help to determine the capability of a dislocation to transmit. For example, Sangid et al. were
able to show that, in agreement with experiments [1, 28, 40], the energy barrier to transmission
is higher for low-energy GBs and lower for high-energy GBs [10]. In a separate study, Li et al.
demonstrated that a critical penetration stress for a dislocation can be calculated as a function of
the grain boundary energy, the shear modulus, and the RBV [31]. Although these models are
effective in describing the roles that the respective attributes play in transmission, these studies

6

focus more on creating rules to describe the observed interactions rather than creating rules to
predict whether such reactions should have occurred. With the range of current results in the study
of dislocation-GB interactions, some conflicting and some agreeing, it is apparent that this problem
is far from resolved. To complement these studies, the current work is focused on studying a large
population of dislocation-GB interactions in order to determine which attributes are important
across the whole data set in affecting the interaction.

1.6.1

Molecular Dynamics
There are several methods used to simulate events at the atomic scale, one of the more

popular approaches being molecular dynamics (MD). The molecular dynamics method implements
classical Newtonian mechanics in order to compute the velocity of each atom in the simulation,
determined by the interaction of each atom with the surrounding atoms as well as the temperature
[17]. The use of an interaction potential defines how the attractive and repulsive forces felt between
atoms will behave. Because MD simulations must keep track of the velocity and position of every
atom in the simulation, they are limited to simulating very short events, typically on the order of
nanoseconds, and small size scales, on the order of nanometers. However, MD offers the user
the capability to see how the model evolves over time, an advantage over alternative simulation
methods.

1.6.2

Potentials
The way the atoms interact in a molecular dynamics simulation is defined by the inter-

atomic potential. This potential allows the calculation of a force on each atom by describing its
potential energy which is based on the atoms around it [41, 42].

7

In developing an interatomic potential to be used, the potential is created to correctly model
desired physical phenomena. Thereofore, to accurately simulate a particular phenomenon, the correct interatomic potential that was created to reproduce the desired property being studied should
be used. For example, the Foiles-Hoyt EAM potential utilized in this study is particularly suited to
simulate dislocation mechanics [2, 4, 8, 10, 43], but not necessarily for another phenomenon such
as melting.

1.6.3

LAMMPS
The Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) is an open-

source molecular dynamics software written and maintained by Sandia National Laboratories [44]
and is used in this study. Currently written in C++, LAMMPS software is designed for parallel
computers, but is efficient enough to be used on single-processor machines as well. It is distributed
under the GNU Public License and funded by the U.S. Department of Energy. It can be obtained
from http://lammps.sandia.gov/.
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CHAPTER 2.

METHOD

In order to better resolve some of the attributes that may influence a dislocation-GB interaction, individual interactions in simplified systems are desired. To simulate such interactions, Ni
bicrystals with a flat and well-defined GB plane are loaded using the open source molecular dynamics code produced by Sandia National Laboratories, LAMMPS (Large Scale Atomic/Molecular
Massively Parallel Simulator) [44]. During the simulation, dislocations periodically emerge from
a notch and are driven towards the GB. The resulting analysis of each interaction observed in the
simulations enables the examination of both geometric (i.e., the TF, RBV, and disorientation in this
study) and non-geometric (i.e., the RSS and the static GB energy) attributes.

2.1

Bicrystals
A subset of 33 different bicrystals, shown in Figure 2.1, is chosen from the set of 388

minimized Ni bicrystals created by Olmsted et al. [8]. The selected bicrystals are all symmetric
tilt or symmetric twist GBs about the [100], [110], or [111] disorientation axes and cover a range
of disorientation angles and corresopnding static GB energies. To induce slip on a variety of slip
systems, each bicrystal is rotated 0°, 90°, 180°, and 270° around the GB plane normal prior to the
construction of a simulation cell. The simulation cell is created with a notch in one grain to act as
a stress concentrator, the geometry of which is illustrated in Figure 2.2. Figure 2.3 illustrates the
construction process for the simulation cells. The simulation cell geometry also has a rounded edge

9

in the opposite grain to discourage dislocation activity in that grain. This geometry is somewhat
similar to that used by de Koning [36].

Figure 2.1: Various types of GBs selected for this study. Selected GBs are marked by an X. As can
be seen from the figure, a wide range of GBs with various disorientation angles and energies was
chosen.

Figure 2.2: Diagram of a standard bicrystal configuration used in the MD simulations. The two
grains form a planar GB in the center of the bicrystal. Regions of atoms 2-5 lattice parameters (718Å) on either side of the GB are shown in light green and are used to calculate the different properties of the dislocation-GB interaction. The average dimension for each bicrystal is 30x30x7nm
with a total of approximately 5x105 atoms. The bicrystal is pulled in tension along the X direction
by applying a tensile force to the rigid body of atoms on either side of the bicrystal.
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With 33 bicrystals each rotated to 4 different orientations there are 132 unique simulation
configurations. The average dimensions of each cell are approximately 30x30x7nm, containing
approximately 5x105 atoms.

Figure 2.3: Bicrystal rotation and replication process. 1) Rotate bicrystal produced by Olmsted et
al. [8] 0°, 90°, 180°, or 270°around the X-axis (Steps 2-4 are repeated for each different rotation
to produce 4 bicrystals for a single GB structure). 2) Extend the bicrystal in the X-direction by
replicating it according to its periodic X dimension. 3) Extend the bicrystal in the Y- and Zdirections by replicating it according to its periodic Y and Z dimensions. 4) Remove atoms to
form a notch in grain 1 and to round the opposite corner in grain 2.

2.2

Molecular Dynamics Simulation
Once the bicrystal geometries shown in Figure 2.2 are created, the structure is minimized

using the conjugate gradient method and then equilibrated for 175ps to a simulation temperature
of 10K using an NVT ensemble where the number of atoms, the volume, and the temperature
are held constant. The Foiles-Hoyt EAM potential [45] is implemented as it is the potential used
to create the Olmsted GB set [8]. Furthermore, this potential has been used to examine GBdislocation interactions in a few cases [2, 4, 10] and shows good agreement with experimental
values of intrinsic and unstable stacking fault energies [46], the latter of which has been shown
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to be important in the nucleation and mechanics of dislocations [47]. Non-periodic boundaries
are implemented in all three dimensions to eliminate any potential bias against nucleation on slip
systems with long periodic dimensions. After equilibration, a constant tensile force is applied on
rigid groups of atoms on either end of the bicrystal to produce an average strain rate of 7x108 s-1 .
The high strain rate is common in MD simulations, which for this type of study has been shown
to give relatively equivalent results for a strain rate in the range of 108 - 1010 s-1 [10]. In contrast,
a recent study has shown that a different deformation mechanism can occur in simulations at a
slower strain rate of 106 s-1 : slip on lower Schmid factor slip systems [48]. However, the results
of potentially missing this mechanism are mitigated through the rotation of the bicrystals and the
resulting number of different slip systems nucleated in this study. It is also understood that MD
simulations are susceptible to lacking the capability to account for all possible mechanisms, but
the information gleaned from such simulations has still shown to be useful in applying to larger
models. The tensile force is applied for up to 250ps, with the observed dislocation-GB interactions
typically occurring within the first 150ps. The centrosymmetry parameter, Voronoi volume, slip
direction, potential energy, and the Virial stress tensor (averaged over the previous 0.3ps) are output
every picosecond for all atoms within five lattice parameters of the GB and for all other atoms
with a centroysmmetry value greater than 1.0 which captures defects, such as dislocations, in the
system. Since the GB structure influences the stress on the atoms immediately surrounding it and
we desired to know the stress on the dislocations, only atoms 2-5 lattice parameters (or 7-18Å)
away from the GB plane are considered in the subsequent calculations; this region is indicated by
the green regions of atoms in Figure 2.2. Similarly, atoms within 2 lattice parameters of any free
surface are ignored in subsequent calculations to reduce the influence of the free surface.
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2.3

Analysis
Because of the potential uniqueness of each interaction, substantial effort is made to create

a systematic and objective method to analyze the interactions. We first define the methods used to
identify the incident and emitted dislocations. This is followed by a brief description of the various
types of events observed and identified at the GB. Finally, we detail the different geometric and
non-geometric attributes that are recorded for each interaction.

2.3.1

Incident/Emitted Dislocations
While similar studies have focused primarily on full dislocations only [1,24,27,49], for the

FCC nickel bicrystals we observe slip along {111} planes in both h110i (full dislocation) and h211i
(partial dislocation) directions. Therefore, each interaction is identified as involving either a partial
or a full dislocation. This decision affects the analysis detailed below so the analysis is run twice,
once examining only the full dislocation interactions and again examining both the partial and full
dislocation interactions. It is worth noting that in several cases (25) we observe the recombination
of leading and trailing partial dislocations in the GB. When this recombination occurs before any
dislocation emission at the GB, the incident dislocation is classified as a full dislocation.

2.3.2

GB Events
Simulations and the resulting dislocation-GB interactions are visualized using the OVITO

(Open Visualization Tool) software [50]. These interactions are classified as either transmission,
reflection, or absorption, depending on what happens first. Transmission occurs when a dislocation
emits from the GB and propagates at least 7Å into the body of the second grain without getting
reabsorbed back into the GB after nucleating at or near the point of impact from the dislocation in
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grain 1. Reflection of a dislocation is defined in a similar way to transmission except that following
absorption of an incident dislocation, the GB emits a dislocation back into grain 1. Finally, a
dislocation is classified as having been absorbed when the incident dislocation is absorbed and
neither transmission nor reflection are subsequently observed. All subsequent activity, such as
additional transmission events, following each interaction is not tracked because of the difficulty
in correlating it with any incident behavior. Furthermore, it should be noted here that what occurs
in the GB following any event is not tracked due to the complex nature of and the difficulty in
characterizing changes in the GB structure, despite the fact that significant activity can occur. For
example, in simple GB structures like the twin boundary, one can observe glide of a dislocation
in the GB following absorption [51]. The GBs in the present work, while highly symmetric, are
sufficiently complex in their atomic structure that tracking dislocation activity through the GB is
not pursued.

2.3.3

Geometric Attributes
As previously discussed, the most common geometric criteria that have been used to de-

scribe the dislocation-GB interaction include the alignment of impinging and potentially emitted
slip planes and slip directions as well as the disorientation between the two grains. The geometric
attributes considered in this study include the residual Burgers vector (RBV), the transmissivity
factor (TF), and disorientation angle. The calculation of the RBV and the TF are briefly discussed
here. Figure 2.4 illustrates two slip planes, their respective Burgers vectors, and their line of intersection, which are used to calculate the RBV and the TF for transmission of a dislocation from
grain 1 to 2.

14

Upon transmission through a GB, the total Burgers vector of a dislocation is conserved,
with a fragment of it typically being trapped in the GB [2]. This fragment is known as the RBV.
According to Shen et al. and others [2, 24–26, 31, 36], the dislocation most likely to transmit is the
one which minimizes the magnitude of the RBV. The RBV, reported in this study in units of the
lattice parameter a, is calculated according to

~bresidual = ~b1 −~bi

(2.1)

for the Burgers vectors of the impinging dislocation, ~b1 and potential emitted dislocation, ~bi , defined in the same reference frame. For each interaction, the RBV is used to predict the slip direction
of the outgoing dislocation.

Figure 2.4: Example transmission event involving an impinging dislocation in grain 1 with a slip
direction of ~b1 and a line intersection with the GB of ~L1 . The emitted dislocation travels in grain 2
in the ~bi direction and has a line intersection with the GB of ~Li . The angle between ~L1 and ~Li is θ .
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To predict the full slip system, i.e., slip plane and slip direction, the TF is used. Calculation
of a TF for each interaction is defined as

T F = (~L1 ·~Li ) ∗ (~b1 ·~bi )

(2.2)

where ~L1 and ~Li are the line intersections between the GB and the impinging or outgoing slip
plane, respectively, ~b1 and ~bi are the slip directions, and TF is the transmissivity factor [1]. Each
potential slip system is considered and the emitted slip system that maximizes the value of the TF,
ranging from 0 to 1, is the most geometrically aligned with the impinging dislocation. Given a set
of potential slip systems, the one with the highest TF is the predicted dislocation slip system to
transmit if transmission occurs [1] and can be seen graphically in Figure 2.4.
The final geometric attribute considered is the disorientation between the two grains. Bachurin
et al. and others found that the propensity to transmit dislocations is dependent on the disorientation angle between the two grains, [31, 36, 38, 49, 52–55]. In their study, Li et al. found that
this could partially be explained by the fact that the grain boundary energy is a function of the
misorientation angle, thus affecting the stress required to push a dislocation through the GB, with
increasing misorientation requiring higher stresses [31]. To test this dependence, GBs with a wide
range of disorientation angles are selected for this study.

2.3.4

Non-geometric Attributes
Since several publications have shown the static GB energy to correlate with dislocation-

GB interactions [2, 10] it is examined here as well. The static GB energy is available for each of
the GBs as obtained by Olmsted et al. [8].
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In addition to the GB energy, we also examine the stresses associated with the dislocationGB interactions. Specifically, we calculate the resolved shear stress (RSS) on the incident dislocation. From this measured stress we can define an event stress associated with the interaction.
The event stress is measured as the maximum RSS that 1) is between the time the dislocation
impacts the GB and the time the event occurs and 2) occurs within 1-10ps before the event. By
imposing these two rules, we are able to maintain a consistent and objective way to determine the
event stress. The rationale for picking the maximum stress before the event occurs is because it
is believed that the dislocation would be less likely to transmit, reflect, or be absorbed at a lower
stress. Therefore, the maximum stress provides an estimate for a potential critically resolved shear
stress on a given dislocation required to cause transmission, absorption, or reflection.
Care is taken to calculate the event stress in a manner that minimizes the uncertainty of
averaging stress in MD calculations. To demonstrate the uncertainty, Figure 2.5a shows the stress
on individual atoms that are within 15Å normal to the slip plane on which a dislocation is traveling.
As can be seen, there is a large range of stresses seen in the region of the dislocation, with a
bifurcation of the stress visibly present, which occurs near the dislocation core. The two peaks in
Figure 2.5a, positive and negative, show the stress on the dislocation in the region of atoms being
measured. The positive stress is used because it represents the atoms that are slipping. Therefore,
in order for the bifurcation to not report an average stress around zero, we average the stress of
the atoms with the top 5% RSS values. This average simultaneously reduces the noise present
in the analysis and is less sensitive to the stress of nearby dislocations. Even with this filtering
process, significant uncertainty is still present, as indicated by the plot in Figure 2.5b where the
averaged RSS and its standard deviation of the top 5% of stress values are plotted as a function
of time. This level of uncertainty proves to be a challenge in our efforts to extract correlations of
17

interactions with the event stress. In spite of this, we do find that there may be trends for individual
slip systems.

(a)

(b)

Figure 2.5: a.) The RSS on each individual atom that is slipping within the GB region and within
15Å of the dislocation normal. The light blue crosses indicate the 5% of atoms that have the
highest RSS. b.) Average RSS, as calculated using the top 5% of atoms, on a particular dislocation
as a function of time. As can be seen, the associated error with the RSS is significant after the
dislocation impacts the GB.
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CHAPTER 3.

RESULTS

The results are divided into three sections. The first section analyzes two dislocation-GB
interactions of a single simulation in detail in order to illustrate the significance and meaning of all
the attributes measured during the large number of simulations. Following this, statistics relating
to the dislocation-GB interactions are examined. The final section focuses just on transmission
events and the attributes involved in transmission.

3.1

Case Study of Tilt GB
To illustrate what individual interactions look like, we examine the 16.26° [100] Tilt (Σ25a

CSL with (0 1̄ 7)/(0 1̄ 7̄) boundary plane normals) bicrystal simulation in detail. This simulation
exhibits multiple interactions of the same slip plane and contains two of the three types of events
analyzed in this study: transmission and reflection.

Figure 3.1: Snapshots of the simulation of the [100] Tilt Σ25a bicrystal at different times in the
simulation. Two dislocations of the same slip plane but different slip directions impact the GB at
different locations and at different times. The first dislocation transmits and the second reflects.
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Figure 3.2: Snapshots of the simulation of the [100] Tilt Σ25a bicrystal. Two dislocations of the
same slip plane but different slip directions impact the GB at different locations and at different
times. The first dislocation, indicated by a dark blue label, transmits and the second dislocation, indicated by a light orange label, reflects. Here the RSS associated with each event for the discussed
dislocations are shown beneath the snapshots and are labelled accordingly.

Figures 3.1 and 3.2 show snapshots of the simulation at selected times to show the different
events associated with the dislocation-GB interactions. Atoms with a centrosymmetry parameter
less than 1.0 are not shown for clarity. Figure 3.1 shows the whole bicrystal during the simulation.
Figure 3.2 also labels the slip system of each dislocation and plots the RSS (as calculated following
the procedure outlined in 2.3.4) for each interaction as a function of time.
The TF and the magnitude of the RBV for the 12 potential full and 12 potential partial
emitted slip systems are calculated and compared with the actual slip system of the transmitted
dislocation. The slip system on which transmission actually occurred is listed in bold in Table 3.1.
It can be seen that according to the TF and transmitted RBV, there are two more-geometrically
favorable partial slip systems that were not activated. However, the transmitted dislocation does
have the highest TF and lowest RBV of the available full slip systems.
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In the first interaction at 112ps, indicated by a dark blue label in Figure 3.2, the activated
dislocation is on the [121̄](11̄1̄) slip system. Here, the first dislocation is followed by an identical
partial dislocation (therefore, it is treated as a partial rather than two partials that make a full
dislocation) which impacts the GB about 1ps after the first impact.
The RSS increases as the second partial dislocation approaches and impacts the grain
boundary. Between impact and transmission, which occur at 115ps and 126ps respectively, the
RSS on the incident slip system reaches a magnitude of approximately 3GPa just before it transmits through the GB onto the [11̄0](111) slip system in grain 2. This stress of 3GPa is interpreted
as the event stress for this dislocation-GB interaction as it is the maximum RSS on the dislocation
after impact with the GB and within the 10ps before the transmission event.
The TF and the magnitude of the RBV for the 12 potential full and 12 potential partial
emitted slip systems are calculated and compared with the actual slip system of the transmitted
dislocation. Table 3.1 lists the maximum TF and the minimum RBV from the 12 potential full and
12 potential partial emitted slip systems considered with the actual slip system of the transmitted
dislocation in bold. It can be seen that according to the TF and transmitted RBV, there are two
more-geometrically favorable partial slip systems that were not activated. However, the transmitted
dislocation does have the highest TF and lowest RBV of the available full slip systems. After
transmission, more partial dislocations follow this first dislocation into the GB, but these secondary
events are not considered.
During the time of the first interaction, a second dislocation, indicated by a light orange
label in Figure 3.2, is seen to impact the GB approximately 70Å away from the first dislocation
and closer to the middle of the bicrystal. This second dislocation impacts the GB at 121ps and
involves an incident dislocation of the [110](11̄1̄) slip system. For this second interaction, the
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stress in the region continues to rise to ∼3.7GPa immediately before the dislocation is reflected
back onto the [1̄01](111) slip system in grain 1. Curiously, although it has the same slip plane as
the first dislocation, a potential transmission slip system with a higher maximum potential TF of
0.627, a smaller potential RBV of 0.2, and a higher RSS than the first interaction discussed above,
this dislocation interaction causes a dislocation to reflect back into grain 1.
The case study is useful in illustrating the complex nature of these interactions. In contrast
to some previous works, we aim to analyze numerous dislocation-GB interactions across a number of different GBs. This enables an informed statistical study to be performed with the trade
Table 3.1: Table of all possible TF values and RBVs (in units of lattice parameter a)
for the first interaction shown in Figure 3.2.
Potential
Slip System

Transmissivity
Factor, TF

Transmitted Residual Burgers
Vector, RBV (a)

Reflected Residual Burgers
Vector, RBV (a)

[11̄2](1̄11)
[12̄1](111)
[11̄0](111)
[011̄](1̄11)
[101](1̄11)
[011̄](111)
[21̄1̄](111)
[121̄](1̄11)
[211](1̄11)
[112̄](111)
[101̄](111)
[110](1̄11)
[11̄2̄](11̄1)
[011](11̄1)
[101̄](11̄1)
[21̄1](1̄1̄1)
[11̄0](111̄)
[121](11̄1)
[101](111̄)
[12̄1̄](1̄1̄1)
[211̄](11̄1)
[112](1̄1̄1)
[110](11̄1)
[011](1̄1̄1)

0.654
0.632
0.596
0.579
0.553
0.498
0.401
0.350
0.304
0.231
0.098
0.026
0.018
0.017
0.014
0.013
0.012
0.012
0.010
0.008
0.006
0.004
0.003
0.003

0.216
0.105
0.374
1.052
0.497
1.052
0.359
0.698
0.447
0.672
0.762
0.827
0.519
0.879
0.762
0.133
0.374
0.613
0.497
0.350
0.558
0.479
0.827
0.879

0.408
0.333
0.707
1.080
0.817
1.080
0.624
0.817
0.707
0.782
1.000
1.080
0.624
0.913
1.000
0.527
0.707
0.746
0.817
0.472
0.782
0.624
1.080
0.913
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off of having less control of the interactions present in the simulations and higher uncertainty in
measuring attributes like the RSS.

3.2

Entirety of Interactions
In all 132 simulations, 189 meaningful dislocation-GB interactions were observed for 31

of the 33 different GB structures tested. The number of dislocation interactions with each unique
GB ranges from 2 to 13 with an average of 6 interactions, but since each GB has 4 simulations for
different orientations of the notch, the average per simulation is 1.5 interactions. These interactions
are classified as either transmission, reflection, or absorption, depending on which happens first and
are subsequently analyzed in the same way presented in the case study.
Overall, 86 transmission events, 63 absorption events, and 40 reflection events are observed. These interactions are further sorted, as shown in both Figures 3.3a and 3.3b, into the type
of incident dislocation for a given interaction based on its respective slip direction: h110i (full) or
h211i (partial).
As is shown in Figure 3.3a, the most common event is transmission with absorption a close
second. While reflection events are the least common, the large number of events was surprising,
not least of all because of the large RBV required for reflection. Examples of the large RBV
vectors can be seen in Table 3.1. When examined by incident dislocation type, it can be seen that
53.5% of partial dislocations transmitted and 43.2% of full dislocations transmitted. The majority
of incident and transmitted dislocations were full dislocations, accounting for 77.2% of all 189
incident dislocations and 81.4% of all 86 transmitted dislocations.
As discussed in section 2.3, the event stress, minimum RBV, and maximum TF are calculated for each dislocation-GB interaction; both full and partial dislocations are considered in
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(a)

(b)

Figure 3.3: a.) Classification of the type of incident dislocations and corresponding dislocationGB event. As can be seen, the most common event is transmission, followed by absorption with
reflection being the least common. b.) Classification of the type of transmitted dislocations and the
corresponding type of incident dislocation that transmitted. It is obvious that the vast majority of
transmitted dislocations slip along the h110i direction and are a result of full dislocations impinging
on the GB.

determining the minimum RBV and maximum TF. Histograms of these values, along with the
properties of the GBs involved in the interactions, i.e., GB energy and disorientation angle, are
given in Figure 3.4. The values are divided between the types of events to gauge whether any
correlations exist. From these plots, it is easy to see that, while there are significant populations
present for each attribute considered, there is too much overlap between the respective values to
discriminate between the interaction types based on any single attribute. In other words, even with
the large number of events, none of these attributes can be used alone to predict the type of event
that will occur.
Since the original motivation of the study was to determine whether a critical GB obstacle
stress was associated with transmission events, this aspect is analyzed in more detail. Due to the
noise present in the measurements of RSS as a result of the unavoidable interference from nearby
dislocations, correlations are difficult to glean. However, potential correlations between the event

24

stress and the event are found when comparing the event stress for activated slip systems as a
function of disorientation angle. In Figure 3.5a it can be seen that there is scatter among the data
even for events on the same slip system. However, for three slip systems in [110] tilt GBs and
two slip systems in [111] twist GBs, in Figures 3.5a and 3.5b respectively, we are able to show
the existence of some trend with disorientation angle. With the little data we have at present, we
are unable to draw definitive conclusions. It is possible that alternate approaches, such as that
performed by Wyman et al. to investigate dislocation nucleation from GBs [4], could elucidate
new criteria related to transmission.

Figure 3.4: Histograms showing the distribution of the event stress, Minimum RBV, Maximum
Transmissivity Factor, Static GB Energy, and Disorientation Angle separated for each different
event type: Transmission, Absorption, and Reflection. The Minimum RBV and Maximum Transmissivity Factor were calculated considering both full and partial dislocations as potential emitted
dislocations.
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3.3

Transmission
A significant focus of this research is on the attributes involved in the transmission of dis-

locations. As such, the remainder of this section emphasizes results found relating to transmission
vs. no transmission (i.e., absorption and reflection). The first matter addressed is the dependence
of the frequency of transmission on different attributes. This is followed by the ability of the TF
and the RBV to predict a transmitted dislocation’s slip system.

3.3.1

Frequency of Transmission
In Figure 3.6, the frequency of transmission for each GB is plotted against the attributes

considered in an effort to elucidate relationships that might correlate with transmission. Tilt and
twist GBs have been shown to affect the dislocation-GB interaction differently [2, 56], therefore
the relationships are plotted for the two types in separate graphs. The size of each of the markers is
proportional to the number of interactions used to calculate the frequency of transmission for that

(a)

(b)

Figure 3.5: Event stress vs. disorientation for activated slip systems for a.) bicrystals with [110]
Tilt GBs and b.) biscrystals with [111] Twist GBs. There seems to be some degree of dependence
of the event stress on the slip system, as evidenced by the event stress having a positive correlation
with the disorientation angle for slip systems 11, 7, and 22 but a negative correlation for slip systems 16 and 19. A more controlled study with more data is required to elucidate such relationships
with confidence.
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GB. Since there are multiple interactions for each point, we simply plot the average value of each,
e.g. average event stress from each of the interactions of dislocations with that GB and average
value of all the miminum RBV from each of the interactions, etc. While there do not appear to be
any strong trends, there are subtle trends that would suggest disorientation angle, static GB energy,
and the GB type (i.e., tilt vs. twist) may be distinguishing attributes in transmission of dislocations
through GBs. First, for GBs with twist or tilt about the [100] axis, the frequency of transmission
appears to be negatively correlated with the disorientation angle, though there are GBs with high
transmission frequency at high disorientation angles. Second, for twist GBs, the existence of a GB
energy barrier to transmission seems to affect the ability of dislocations to transmit. Transmission
frequency is typically high for GBs with a static energy less than 950 mJ/m2 at which point there is

Figure 3.6: Frequency of transmission as a function of mean event stress, mean minimum RBV,
mean max TF, static GB energy, and disorientation. The size of each point correlates to the number
of data points used to calculate the frequency of transmission for the corresponding x value. There
seems to be a negative correlation between disorientation and transmission frequency. Next, for
twist GBs, there appears to be an energy barrier around 950 mJ/m2 , above which transmission
no longer occurs. No obvious correlations exist between the event stress or mean max TF and
transmission frequency. As expected, transmission seems to favor smaller magnitudes of RBV,
especially for twist GBs.

27

a steep drop in transmission frequency such that no transmission occurs for twist GBs with energy
above 950mJ/m2 . No such barrier is readily visible for the tilt GBs. To determine whether or not
this is due to the GB energy or the different type of GB would require further research. Third,
there is a surprising lack of correlation between the TF and the frequency of transmission. It was
expected that as the alignment of incident and transmitted slip systems increases, corresponding to
a larger TF, the propensity to transmit would increase. There appears to be no such trend for twist
or tilt GBs. Similarly, it was anticipated that transmission would occur more readily with a smaller
available RBV, which in this case may be true. Finally, no apparent relationship between the event
stress and transmission frequency is easily discernible for either twist or tilt GBs. Reasons for this
lack of correlation are explored later.

3.3.2

Predicted Slip System
Although one cannot definitively predict the likelihood of transmission using the TF and

RBV, these two attributes prove to be very effective at predicting the slip system of the transmitted
dislocation. This is in accordance with earlier mentioned studies involving smaller numbers of
dislocation-GB interactions [1, 2, 24–26, 31, 36, 40, 57].
In the cases of transmission observed in this work, 70 full dislocations and 16 partial dislocations were observed. If the slip system predicted to emit is the one with the the maximum
TF, then the correctness depends on whether full and partial dislocations are included in the list
of potential outcomes. Predicting the slip system of all 86 full and partial dislocations using a
potential list of 24 full and partial dislocation slip systems results in an accuracy of 55.8% (48/86).
However, if all 86 are predicted using only a potential list of 12 full dislocation slip systems the
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accuracy increases to 67.4% (58/86). Finally, if only the 70 full dislocations are considered and
the potential list only includes 12 full dislocations, the accuracy is 82.9% (58/70).
We learn some important lessons from these different levels of accuracy. Trying to predict
the emitted slip system of a transmitted dislocation is not great when one attempts to include both
full and partial dislocations. The partial dislocations provide so many additional options which
are not likely to be selected, some of which may even have a higher TF than the full dislocations.
Therefore, their inclusion initially leads to low accuracy predictions (see Table 3.1). If we predict
only full slip systems but compare the prediction against the emitted full and partial dislocation
slip systems, we can never get to 100% accuracy. This is a result of attempting to predict full
dislocations for some interactions where the dislocation transmitted onto a partial slip system.
Since full dislocations dominate the simulations, it makes sense to predict only full slip systems
for simulations that actually transmit full dislocations. In these cases, the accuracy is noteworthy.
In many cases, the TF of the slip system which actually transmits is the second or third
highest predicted slip system according to TF. However, in many cases, the top three or so TFs are
similar in magnitude, with the main difference typically being a result of a different slip direction
rather than a different slip plane; this can be seen in Table 3.1 where the top four dislocations
according to TF have only two unique slip planes and have a range of 0.075. To illustrate how the
ability to correctly select the slip system improves as more slip systems are considered acceptable,
we plot the frequency of correct predictions in Figure 3.7a. Intuitively, the predictive capability of
the TF would increase as the stipulation that the predicted transmitted slip system maximize the TF
is relaxed to include the top two (or more) slip systems with the largest values of TF. This trend is
shown by the solid lines in Figure 3.7a. Here there are two solid lines, blue for predictions of full
dislocations only, and red for predictions of full and partial dislocations. It should be noted that
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because of the 16 dislocations that emit on partial slip systems, the full slip system predictions can
never get higher than 81.4%. Interestingly, the prediction capability using the 24 full and partial
slip systems increases rapidly as more slip systems are considered, reaching a frequency of 80.2%
when the prediction is considered correct if the actual TF is one of the top three values of TF
possible; this is likely a sign that the full dislocations that actually transmit are simply near the
partial slip systems that are predicted as in Table 3.1, so once we consider up to top three possible
slip systems, it is likely to encompass the full slip system on which the dislocation transmitted.
Although the TF is reasonably accurate in predicting the correct slip system in the event
of a transmitted dislocation, its accuracy is higher if we are only concerned with predicting the
slip plane on which the dislocation transmits. By ignoring the slip direction and assigning the
maximum TF for each unique slip plane to all slip directions on the same slip plane, the accuracy

(b)

(a)

Figure 3.7: Ability of the a.) TF and b.) RBV to correctly predict the transmitted slip system/plane
and slip direction respectively. The accuracy is displayed as a function of how many slip systems/planes that produce the highest TF values or slip directions that produce the lowest RBVs
are considered for the prediction to be considered as correct. The accuracy increases as additional
slip systems/planes and slip directions are considered correct. The dotted black line indicates the
maximum accuracy capable of being achieved when only full dislocations are considered in the
calculations, which is less than 100% because 16 of the 86 transmitted slip systems were partials.
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increases to 73.3% (63/86) if only full slip systems are considered and 74.4% (64/86) if both full
and partial slip systems are considered. This is demonstrated by the dotted lines in 3.7a. Since
there are only four unique slip planes for FCC material, these lines reach their maximum once the
four slip planes are considered.
Since the accuracy of prediction goes up as additional slip systems that may be near the
“optimal” slip system are considered, a separate analysis is done to determine how close in magnitude the TF of the actual transmitted dislocation is to the maximum TF available for each given
interaction. It is found that in 62 of the 86 cases of transmission, and when considering only
full dislocations, the actual transmitted dislocation has a TF with a magnitude within 20% of the
value of the maximum possible TF. However, this frequency increases to 70/86 occurrences if both
full and partial dislocations are considered. This kind of information may be relevent in continuum models [32] that rely on the calculation of the obstacle stress according to equation (1.2); by
knowing that the correct TF is often within 20% of the maximum possible TF, a range for TF could
be used in the calculation of the obstacle stress for a given GB.
While the slip plane can be predicted using the TF, the slip direction is similarly predicted
by minimizing the RBV. A smaller RBV means that the disorder left behind in the GB is reduced
for a transmission event and therefore the energy can be minimized as well. A similar analysis to
the TF just discussed is repeated for the minimum predicted RBV of potential slip systems.
As expected, the solid light blue line in Figure 3.7b shows that when only full dislocations
are considered, the RBV effectively predicts the transmitted slip direction in 72.1% (62/86) of the
cases of transmission. When more partial slip directions are also included, the accuracy decreases
to 64.0% (55/86), shown by the solid dark red line in Figure 3.7b. Once again, predictions using
only full dislocation slip directions can only ever achieve an accuracy of 81.4% due to the fact
31

that some events transmitted onto partial slip systems. Similar to TF, the ability of the RBV to
predict the transmitted slip direction improves as other slip directions close to the minimum are
considered.
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CHAPTER 4.

DISCUSSION

The discussion of the results is organized into 3 sections. First, we examine criteria to
predict the slip systems of transmitted dislocations. Second, we analyze attributes and their correlations with likelihood of observing a transmission event. Third, we employ machine learning to
find correlations associated with different types of dislocation-GB interactions and their ability to
predict the resulting event.

4.1

Prediction of Transmission Slip Systems
The survey of dislocation-GB interactions confirms the trends related to transmission slip

systems that others have seen in regards to the geometric attributes TF and RBV. First, Shen et
al. found that the transmitted slip system could be correctly predicted in three of five experimental cases of transmission using just the TF [1]. Consistent with these experimental results, this
study also shows that the TF presents an effective way to predict the slip system of a transmitted
dislocation, and is even more effective in predicting just the slip plane (Figure 3.7a). Furthermore, this study, performed on many more dislocation-GB interactions, also suggests that predictions using the maximum TF will never achieve an accuracy of 100% because transmission on
other slip systems with good alignment are consistently observed. Second, this study confirms
the research done by others which shows that minimizing the RBV allows one to predict the cor-

33

rect slip direction for transmitted dislocations in most cases, though again, not at an accuracy of
100% [2, 24–26, 31, 36, 40, 57].
The importance of geometric criteria used to predict the slip systems involved in both experimental work and simulations is emphasized by the accuracy of the TF and the RBV. However,
Table 3.1 and Figure 3.7 show that such geometric criteria are more capable when only considering full dislocations since the predictive capabilities of TF and RBV initially decrease when partial
slip systems are also considered. This observation may have little effect if using RBV and TF
to predict the slip system in metals with a high stacking fault energy, such as aluminum, where
partial dislocations are rarely observed [58]. In such materials, it would be easily justifiable to
exclude any partial dislocations from predictions made for the transmitted slip system. By shifting
the analysis to only consider the 55 full dislocations that transmitted onto full slip systems (see
the far left bar in Figure 3.3b), the frequency of the maximum TF predicting the correct slip plane
improves to 89.1% (49/55) and the frequency of the minimum RBV predicting the correct slip
direction similarly improves to 92.7% (51/55).

4.2

Predicting Transmission Events
Determining the attributes that influence a dislocation’s ability to transmit through a GB is

required for robust mesoscale modeling. As such, this section first describes the different trends
observed that are associated with being able to predict transmission and then discusses potential
complications in finding expected trends regarding the RSS.
First, as discussed in the Results, it is found that the frequency of transmission is higher for
dislocations that interact with a GB that has a low static GB energy and a low disorientation angle
(Figure 3.6). It is possible that GB energy is the cause while disorientation angle is correlated with
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GB energy. For example, for both twist and tilt GBs, there exists a GB which has high frequency
of transmission despite it having the highest disorientation angle of the simulated twist or tilt GBs.
However, these two high disorientation and high transmission frequency GBs also have a relatively
low GB energy. Additional data would be needed to confirm this assertion.
This result initially seems in conflict with the work done by Sangid et al. that found the
energy barrier to transmission is negatively correlated to the GB energy [10]. He proposes that
a more ordered and stable GB with lower interfacial energy provides a stronger barrier to slip
transmission and nucleation. However, this study does not attempt to measure the energy barrier
to transmission, but rather the frequency of transmission correlated with the GB energy. Although
a low energy GB may have a higher energy barrier, this could be interpreted as requiring a higher
stress for transmission and not necessarily mean the GB is more or less likely to allow things
through. It is worth noting that in Sangid’s work, the highest energy barrier for transmission was
about 4 times higher than the lowest barrier, but that the highest GB energy was more than 10
times higher than the lowest GB energy. Thus, the trend is not linear and a small change in GB
energy would require an even smaller increase or decrease in barrier energy. To compare with this
possible scenario, Figure 4.1a plots the event stress as a function of the static GB energy for the
different event types. As can be seen, no trend is immediately obvious. Thus, at this point, it is not
clear why low energy GBs would simultaneously exhibit a high energy barrier to transmission (as
demonstrated by Sangid) while allowing more dislocations to transmit.
Second, the influence of the GB type (twist vs. tilt) and the disorientation angle on a particular GB structure may also provide an explanation for why some dislocations transmit and others
do not. Twist GBs reflected dislocations more often than tilt GBs (25% vs. 19%) and transmitted less than tilt GBs (42% vs. 47%). This difference could be due to the orthogonal network of
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dislocations found within the twist GBs which are more dense and could offer a more significant
physical barrier to transmission than the linear array of dislocations present in tilt GBs [56, 59].
Furthermore, the propensity to reflect increases slightly as the disorientation angle between the
two grains increases. Based on the previous observations, this correlation would be expected as
the density of the dislocation network increases with increasing disorientation for the GBs studied
here. Li et al. also suggested that the difficulty for a dislocation to transmit is directly related to the
misorientation angle [31], agreeing with the results seen in this study (c.f. Figure 3.6). Chandra et
al. also found that twist GBs offered significant resistance to transgranular crack growth, confirming the understanding that twist GBs are more resistant to such crack growth as compared to tilt
GBs [56].
Third, as demonstrated by Dewald et al. and Bachurin et al., the actual location of the
interaction between the dislocation and the GB affects the ability of the dislocation to transmit
[34, 38]. This suggests that the dislocation network within a GB results in regions of the GB that
could present stronger physical barriers than others. This difference can lead to different outcomes
for seemingly identical interactions. For example, in a simulation of the 22.62° [100] twist GB
two dislocations of the same [111̄](101) slip system impact the GB approximately 80Å apart, yet
one readily transmits and the other eventually reflects off the GB. To more fully understand to
what extent the location of impact and the associated atomic structure of the GB influence the
interaction, a more detailed analysis would be required. Morvec et al. have shown that common
geometric criteria, especially the alignment between slip planes in neighboring grains, used for the
prediction of the results of dislocation-GB interactions does not always hold as the resulting event
also depends on how the atoms rearrange at the event site [39]. While we do not dispute this fact
and this may account for some of the erroneous predictions, the fact that the geometric attributes
36

hold as well as they do, in spite of the many different atomic arrangements in all the simulations,
is noteworthy.
At the outset of this work, it was hypothesized that transmission events would be correlated with the stress present on the dislocation, which would be reasonable considering Sangid’s
observations [2, 10]. However, such trends remained elusive as indicated by Figure 4.1a. In his
mesoscale model, Wagoner also proposed a similar prediction of transmission stress, given in
equation 1.2, but based his on the alignment of slip systems for a potential transmission event. To
demonstrate this, the event stress for each interaction is plotted as a function of the maximum TF
available for the interaction in Figure 4.1b. Equation 1.2 is plotted as a dotted line (for a yield
strength of 500 MPa), and according to Wagoner’s model, stresses in excess of this value would be
sufficient to cause transmission. It is clear that transmission stresses cannot be predicted so easily
as nearly every point, regardless of the event that occurs at the GB, exceeds the theoretical obstacle
stress for the given TF. Furthermore, there is no general trend of event stress with TF or static GB
energy.
It is possible that the nature of these simulations complicates the ability to see trends in
the recorded stresses. For example, the short simulation times, and corresponding high strain rates,
required for molecular dynamics simulations means that driven systems can behave differently than
thermally activated systems. If not driven at high stresses, thermal fluctuations over a long time
period may only be able to access a preferred event. But driven systems at high stresses may have
thermal fluctuations that can access not only a preferred event, but a number of newly accessible
events as well. For example, a recent study has shown that a different deformation mechanism can
occur in simulations at a slower strain rate of 106 s-1 : slip on lower Schmid factor slip systems [48].
Thus, if it were possible, lower strain rate simulations might observe different sets of events at
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different stresses, which might then exhibit a correlation in stresses not observed in the present
work.
Finally, the process of transmission is likely not deterministic and more attention should be
given to models that account for this fact. Modeling the process in a stochastic manner may allow
a more accurate representation of activated slip systems observed here by allowing the occasional
poorly aligned slip system to be activated upon transmission. Others have already applied this
concept in other aspects of deformation in a quantized crystal plasticity finite element model [60]
or in the modeling of twin nucleation and/or transmission in HCP metals using a viscoplastic selfconsistent model [61–63].

4.3

Machine Learning
One of the major shortcomings of the criteria used to predict the slip system of a trans-

mitted dislocation, which is made more apparent in this study, is their current inability to predict

(a)

(b)

Figure 4.1: The event stress for each dislocation-GB interaction as a function of a.) the static GB
energy and b.) the TF. In b.) the dotted black line indicates the theoretical obstacle stress assuming
a macroscopic yield strength of 500 MPa. As can be seen, nearly every dislocation-GB interaction
experienced an event stress that far exceeded the theoretical obstacle stress.
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if a dislocation will transmit or not. For example, based on the previously discussed criteria, it
is not entirely clear as to why a dislocation would prefer to reflect over transmitting if it is overwhelmingly geometrically favorable to transmit. Furthermore, as seen in Figure 3.4, each criterion,
when individually considered, reveal little about the interaction event. However, machine learning
processes provide promising potential for the extraction of correlations between multiple attributes
that aren’t readily seen. Therefore, two different analyses are performed using the WEKA machine
learning software [64]. First, a decision tree is used to create a predictive model for transmission.
Second, the determination of which attributes play the most significant role in determining whether
or not a dislocation transmits is made by finding the gain ratio for each considered attribute.
Three separate analyses were performed on the data set to predict transmission, absorption,
and reflection. It was found that the analyses to predict transmission and absorption reveal similar
trends whereas the analysis to predict reflection was unsuccessful due to only a marginal increase
in predictive capabilities given the attributes considered in this study.

4.3.1

Decision Tree Prediction of Transmission Events
For this study, we employ the J48 method within the AttributeSelectedClassifier in WEKA

which produces a simple-to-understand decision tree in order to predict a certain outcome (in this
case transmission) given certain input attributes by evaluating at each branch the most important
attribute of the remaining data. The J48 process is explained in more detail in [65] and [66]. The
attributes used in the creation of the decision tree included numeric values for disorientation angle,
static GB energy, maximum TF, minimum RBV, and the event stress. Attributes with nominal
values for the GB type, i.e., twist vs. tilt, and for the incident dislocation type, i.e., full vs. partial,
were also included. The minimum leaf size in the tree is set to 10 (meaning that each split will
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contain at least 10 instances), which ensures that the tree is not over constrained. In order to avoid
obtaining an artificially high accuracy due to an uneven distribution of the event being predicted,
class balancing is used. The GainRatioAttributeEvaluator method in WEKA is used to produce
a tree based on the most relevant attributes for this study. The standard 10-fold cross validation
technique is used (meaning the data is split into 10 parts, i.e., folds, then trained on 9 parts and
tested on the remaining part, repeating so that each part is tested once). This produces a decision
tree whose accuracy is the average of the 10 different tests. To further reduce the potential for
a particular split to produce incorrectly high or low prediction accuracies, the cross-validation
technique was repeated 10 times, each time using a new seed to randomly split the data. Using this
technique, i.e., using 10-fold cross validation 10 times and averaging their accuracies, we produce
the J48 decision tree shown in Figure 4.2, which has an average accuracy of 75.5% with a standard
deviation of 1.65%. By comparing this result to the baseline accuracy (i.e., making the prediction
based solely on the most popular outcome) of 47.7% we find that the J48 decision tree improves the
prediction of transmission vs. non-transmission by nearly 30%. Other techniques, such as Random
Forrest, could be used to improve the accuracy, but such black box methods do little to give insight
into what attributes are affecting its decision process. Intuitively, the level of importance of each
attribute included in the tree decreases as one travels down the decision tree.
Several observations of the tree should be noted. First, of the seven attributes included in
the creation of the tree, only three of them appear in the resulting tree. In order of importance,
these attributes are disorientation angle, static GB energy, and minimum RBV. The significance of
the disorientation angle is emphasized by its appearing in the tree multiple times. Second, the tree
is relatively clean with only six leaves and four branches needed to predict transmission. Further
measures could be made to reduce the size of the tree and simplify the results at the sacrifice of
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Figure 4.2: J48 decision tree starting at the root (box with rounded corners) which produces 4
branches (ellipses) and ends with 6 leafs (boxes). The fraction inside each leaf is the number of
instances that reached the leaf over how many of those instances were incorrectly classified (e.g.,
(46.6/4.4) means 46.6 instances made it to that branch and 4.4 were incorrectly classified where
the decimals are a result of the class balancing).

accuracy. Alternatively, accuracy could be improved by allowing a smaller leaf size, but this might
over constrain the tree making the result too specific to certain results in the dataset instead of a
result that is general to the majority of the data.
Biases enter the model as a result of the uneven distribution of attributes tested, as seen in
Figure 3.6 where, for example, certain GB energies or disorientation angles have more data points
available. Despite this bias, a number of insights are gained from the J48 analysis in determining
which of the investigated attributes most prominently affect transmission. First, the decision tree
visually reinforces the earlier observation that, in general, GBs with a lower disorientation angle
allow for transmission to occur more frequently. This is consistent with the findings by others
[25, 35, 49, 54] and further supports the discrimination between high-angle and low-angle grain
boundaries, which is commonly believed to occur at a disorientation angle of 15° [67]. In fact,
as seen by the first branch of the decision tree, for GBs with a disorientation angle of less than
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18°, none of the other attributes have an affect on transmission. It should be noted that there are
only 9 GBs with a disorientation angle less than 18°. However, for some GBs that have higher
disorientation angles, above 18°, a lower static GB energy is preferable for transmission. Second,
as expected, transmission is predicted to occur more frequently when the minimum available RBV
is smaller. Finally, for dislocations that interact with a GB that has high energy and a disorientation
angle above 26°, transmission is never predicted.

4.3.2

Attribute Evaluation of Transmission Events
WEKA is also capable of determining the relative importance in predicting the defined class

for each included attribute by using the Gain Ratio Attribute Evaluator. This function measures
the amount by which each attribute decreases the overall entropy [68]. Attributes which result in
a larger decrease in entropy, or reduce the uncertainty in the outcome, are said to provide more information. An important distinction that should be made between this method and the J48 decision
tree is that the Gain Ratio Attribute Evaluator considers the whole data set when calculating the
gain ratio for each attribute. This is different from J48 in that the J48 method only considers the
data available at each node in the branch to determine which is the most important attribute at that
point. The gain ratio for each attribute is displayed in Table 4.1. This result agrees well with the
decision tree created earlier in that the top three attributes according to their gain ratio are the three
attributes present in the tree. Furthermore, the importance of the disorientation angle is reinforced
by its being both the root of the tree and the most informative attribute. Finally, it is shown that in
this study, the event stress does not contribute at all to predicting whether or not transmission will
occur as it has a gain ratio of 0.0.
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Table 4.1: Gain Ratio for each of the considered attributes for predicting transmission. Not surprisingly, disorientation angle and minimum RBV provide
the most information.

4.3.3

Attribute

Transmission
Gain Ratio

Disorientation Angle
Minimum RBV
Static GB Energy
Max TF
Partial vs. Full
Twist vs. Tilt GB
Event Stress

0.1675
0.1482
0.1314
0.0756
0.0070
0.0018
0.0000

Machine Learned Attributes Affecting Transmission Events
The machine learning process provides unique insight into the transmission process. It is

significant that such an accurate model to predict transmission can be created using predominately
geometric attributes, especially RBV and disorientation. The machine learning is not able to find
any correlations to event stress. The question then is whether this is a result of the approach used
in this work as discussed above, or if the stress simply plays a secondary role to other attributes
like the prominent geometric criteria. However, that is not to say that improvements to the model
could not be made. By including a larger variety of attributes in the transmission model created,
the ability to predict transmission improves. Perhaps there are other attributes not included in
this study, such as temperature, that, if included in the model, could further improve its ability
to predict transmission. Therefore, the value of this model lies in demonstrating the potential
of more thorough studies which consider more attributes to produce a superior model to predict
transmission.
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4.3.4

Machine Learning of Absorption/Reflection
The same procedures used to create the decision tree and gain ratio table for predicting

transmission are performed for the creation of decision trees to predict absorption and reflection
of dislocations as well as to determine which attributes were most informative of the subsequent
GB event. For brevity, the results of this analysis are discussed here and the resulting J48 decision
trees and gain ratio tables are included in Appendix A (Figures A.1 and A.2 and Tables A.1 and
A.2).
Similar to transmission, absorption of a dislocation is correctly predicted 77.0% of the
time with a standard deviation of 1.29% using a J48 decision tree, an improvement of about 30%
from the baseline accuracy of 47.6%. Unsurprisingly, the absorption decision tree reinforces the
trend found for transmission that disorientation angle plays a significant role in the event. Here,
a higher disorientation angle is found to be the best indicator that a dislocation will absorb rather
than reflect or transmit. Furthermore, the gain ratio table for absorption is similar in order of
the more influential attributes to that of the attributes for transmission, with disorientation angle
and minimum RBV being the two most informative attributes. The trends displayed here are
nearly equivalent to those found in the transmission tree and information table, confirming that
transmission prefers smaller minimum RBVs and lower disorientation angles.
In contrast to transmission and absorption, reflection of a dislocation was unsuccessfully
predicted using machine learning. The J48 decision tree for reflection improved the baseline accuracy by only 11.5% , from 49.7% to 60.2% with a standard deviation of 3.2%. After considering
the decision tree and the gain ratio for each of the given variables, this is not surprising. Unlike
the other two decision trees, the decision tree to predict reflection has nine branches and 11 leaves,
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meaning it has many more frequent and smaller splits of the data, resulting in an over-constrained
tree. Furthermore, the root of the tree and the highest gain ratio value of any variable used to predict
reflection is the event stress, which is already known to contain some uncertainty. Finally, none
of the other variables associated with transmission or absorption are correlated with reflection,
casting doubt on the ability to create an effective predictive model of reflection with the current
data set. Significantly more data is required to understand what attributes influence reflection of
dislocations at grain boundaries.
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CHAPTER 5.

5.1

CONCLUSION

Summary
This study utilizes molecular dynamics to contribute new insights into dislocation-GB in-

teractions through the study of numerous interactions occurring in a large variety of Ni bicrystals.
Geometric attributes as well as stresses and energies are used to characterize the interactions. The
major goal of the study is to understand and ultimately predict whether a given dislocation will
transmit through a GB and if so, onto what slip system. We find, as others do, that dislocation-GB
interactions are an extremely complex process.

5.2

Major Findings
Conlcusions that can be made from this research include:
• Prediction of Transmitted Slip Systems
1. Transmissivity Factor (TF) predicts with reasonable accuracy the slip system for transmission; an accuracy of 67.4% is obtained if only considering transmitted full dislocations and 55.8% if transmitted partial dislocations are also considered.
2. The accuracy of the TF improves if used to only predict the slip plane of the transmitted
dislocation, 73.3% correct if only considering transmitted full dislocations and 74.4%
accurate if transmitted partials are also considered.
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3. For the majority of transmitted dislocations, the TF is within 20% of the maximum TF
capable for the given dislocation-GB interaction.
4. RBV predicts well the slip direction for transmission. It correctly predicts the slip
direction 72.1% of the time when only full transmitted dislocations are considered,
decreasing to 64.0% when transmitted partials are included.
5. Predicting the slip system of a transmitted dislocation is more accurate when only considering full transmitted dislocations as possible transmitted dislocations. Past studies
have focused solely on full dislocations [1, 24, 27, 49], though their reasoning for doing
so is not discussed, but it may be due to the fact that they observed very little partial
slip activity.
6. The TF can be used to predict the correct slip plane 89.1% of the time and the RBV
can be used to predict the correct slip direction 92.7% of the time for a transmitted
dislocation when only accounting for full incident dislocations that transmitted as full
dislocations.
7. While no correlation betweeen event stresses of dislocation-GB interactions appear for
the entire dataset, some consistency in event stresses for the same slip system over
several GBs is observed.
• Prediction of Dislocation-GB Events
1. The expected geometric trends in regards to transmission, e.g. increased transmission
frequency for smaller disorientation angles, hold for a large variety of GBs.
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2. Reflection of dislocations occurs more frequently at twist GBs than tilt GBs while the
opposite is true of transmission. Both twist and tilt GBs are equally likely to absorb
dislocations.
3. Partial dislocations are more likely to transmit than full dislocations; 53.5% of partial
dislocations transmit and 43.2% of full dislocations transmit.
4. Twist GBs appear to have a GB energy barrier to transmission; approximately 950
mJ/m2 for the GBs studied here.
5. By utilizing machine learning to create a simple J48 decision tree, transmission can be
correctly predicted 75.5% of the time and absorption can be correctly predicted 77%
of the time. Reflection is not effectively predicted in this study.
6. The relative importance of the studied attributes influence on the interaction event is
provided, also confirming that transmission favors low-angle GBs.
7. Improvements to predictive capabilities can be achieved by including more attributes in
the model. This demonstrates the potential for a physics based model that can predict
transmission/absorption.
8. Although this study reveals important geometrical relationships between transmission
and other dislocation-GB events, it does not do a good job of measuring stress and does
not reveal conclusive relationships between RSS and the resulting event. However,
Figure 3.5 reveals the potential for elucidating relationships between the incident slip
system, the disorientation angle, and the given stress. A more carefully controlled study
of the stresses involved, like [4], would need to be conducted for such relationships to
be revealed.
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Although there remains much work to be done to fully understand dislocation-GB interactions, the current work offers new insights into attributes that affect the transmission of dislocations
and the potential challenges in more accurately modeling such interactions.

5.3

Future Work
This work explores a large portion of the GB space and significant understanding of the

ability of previously studied attributes to describe dislocation-GB interaction is obtained. This
is one of the first times that machine learning has been utilized to aid in the understanding of
these complicated interactions and it is successfully shown that there is promising potential in
using machine learning techniques to further obtain information necessary to accurately model
dislocations’ interactions with GBs. However, each dislocation-GB interaction exhibited unique
characteristics that make it difficult to generate a succinct and simple set of rules to describe the
interactions. Obstacles that must be overcome before such a result can be obtained include a careful
and accurate acquisition of stresses, consideration of more attributes involved in the transmission
process (e.g., temperature, location of impact, etc.), a larger variety of GBs studied, and quicker
computation times. Ideally, these would all come from a single study of many more GBs, providing
several times the number of data points used here.
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APPENDIX A.

SUPPLEMENTAL MATERIAL

Table A.1: Gain Ratio for each of the considered attributes for predicting absorption. Similar to
transmission, disorientation angle and minimum RBV provide the most
information for determining if a dislocation
will get absorbed.
Factor

Absorption
Gain Ratio

Disorientation Angle
Minimum RBV
Static GB Energy
Partial vs. Full
Twist vs. Tilt GB
Max TF
Event Stress

0.1450
0.1259
0.1113
0.0157
0.0000
0.0000
0.0000

Table A.2: Gain Ratio for each of the considered attributes for predicting reflection. Event stress
has the highest gain ratio, but this is hypothesized to be due to the fact that none of the
attributes are useful in providing information for reflection and
event stress has the most
unique values.
Factor

Reflection
Gain Ratio

Event Stress
Disorientation
Twist vs. Tilt GB
Partial vs. Full
Max TF
Min RBV
Static GB Energy

0.2054
0.0523
0.0050
0.0010
0.0000
0.0000
0.0000
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Figure A.1: J48 decision tree for absorption starting at the root (box with rounded corners) which
produces 3 branches (ellipses) and ends with 5 leafs (boxes). The fraction inside each leaf is the
number of instances that reached the leaf over how many of those instances were incorrectly classified (e.g., (29.3/9) means 29.3 instances made it to that branch and 9 were incorrectly classified
where the decimals are a result of the class balancing).

Figure A.2: J48 decision tree for reflection starting at the root (box with rounded corners) which
produces 9 branches (ellipses) and ends with 11 leafs (boxes). The fraction inside each leaf is
the number of instances that reached the leaf over how many of those instances were incorrectly
classified (e.g., (12.3/4.7) means 12.3 instances made it to that branch and 4.7 were incorrectly
classified where the decimals are a result of the class balancing).
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